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Abstract 
The vacancy-type defects induced by co-implantation of He and H ions in China Low 
Activation Martensitic (CLAM) steel at room temperature were investigated with a 
variable-energy position beam Doppler broadening spectra (DBS). The co- 
implantation contained two patterns: one was implanted by He ions firstly, and then 
followed by H-ions implantation; the other was implanted by H ions in the first place, 
after that followed by He-ions implantation. The S parameters of implanted samples 
became larger than un-implanted one under different implantation fluences, and the S 
parameters of pre-implanted H were larger than pre-implanted He regardless of 
fluence. The difference of S parameters between pre-implanted H and He decreased 
with increasing fluence. He-H-vacancy complex is the reason that the S parameter of 


pre-implanted H is higher than pre-implanted He. 
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1. Introduction 

Reduced-Activation Ferritic/Martensitic (RAFM) steels are candidate materials 
for the structural components of a fusion reactor because of their excellent resistance 
to radiation damage, high thermal conductivity and low thermal expansion coefficient 
compared with austenitic steels [1,2]. China Low Activation Martensitic (CLAM) 
steel is one of RAFM steel which has been studied by a number of institutes and 
universities in China [3,4]. One of the critical issues for the application of F/M steels 
is the effect of He and H produced by nuclear reactions (n, p) and (n, a). Much 
attention is given to the effect of He and H in materials during the development of 
fusion energy sources in view of their negative influence on the radiation resistance of 
structural materials[5,6]. He has low solubility in metals and they will be trapped by 
vacancies, vacancy complexes and grain boundaries. He is essentially immobile at 
temperatures below 0.4Tm and participates strongly in cavity nucleation and 
stabilization [7]. The stabilization of cavities by He, resulting in void swelling, has 
been reported at temperatures from 350°C to 700°C [8]. H exhibits a much higher 
solubility in steel accompanied by a relatively low binding energy to simple lattices 
[9,10]. In specimens implanted with H alone, H will quickly diffuse away from the 
implanted area at moderate temperatures. Below 100°C, some H is weakly trapped by 
radiation-induced defects, in a depth profile greatly broadened from the calculated 
initial profile [11]. 

He and H have different interaction with irradiation induced defects, it is 


important to investigate the synergistic effect among He, H and defects. The 


synergistic effect of He and H has been investigated by TEM [12], but TEM has its 
resolution limit to investigate the defects. For this reason, Positron annihilation 
spectroscopy is an effective method to detect the defects which cannot be observed by 
TEM. Positron annihilation spectroscopy (PAS) [13] is one of the more powerful and 
well-established techniques to characterize vacancy-type defects [14] (micro-voids 
and open volume regions) of a material. Since positively charged nuclei are absent at 
vacancy-type defects, positrons are trapped and annihilate there with the surrounding 
electrons, conveying the information on the local electronic environment around the 
vacancy-type defects. This technique provides a highly sensitive penetrative probe 
combining the sensitivity of positrons to defects with the penetrability of gamma rays. 
Lifetime, Doppler broadening and coincidence Doppler broadening measurement 
have been used to study defects of metals [15,16,17,18] and nonmetal [19,20]. 
Doppler broadening is an effective way to detect the vacancy-type defects after ion 
beam irradiation [21], so this method could be used to the field of nuclear materials 
which will be irradiated high energy beams in fission or fusion reactors. 

In our work, PAS was used to analysis the defect profile of CLAM steel after 
co-implantation of He and H ions. In our previous work [17,22], He-ion and 
co-implantation of He and H ions were performed at fixed sequence with different 
fluencies to investigate the evolution of defects. Therefore, the implanted fluence was 
main variable. In this paper, the synergistic effect of He, H and defects will be 
discussed. For this reason, co-implantation of He and H ion were performed at 


different sequence to investigate the interaction among the three. Compared with our 


previous work, the implanted seguence and the discussed topic are different. 
2. Experiment 

The CLAM steel was produced by University of Science and Technology Beijing. 
The steel was reaustenitized at 960°C for 0.5h and air cooling, and then it was 
tempered at 760°C for 1.5h and air cooling, with the cooling rate is on 10°C/s [23]. 
The normalized temperature is different from our previous work [17, 22]. The detailed 
compositions used in this study are shown in Table.1 [23]. The size of implanted 
samples is 10X 10X 1.5mm? cut from CLAM steel, afterwards surfaces of samples 
were polished by sandpaper and diamond paste, respectively. 
Table 1 


Chemical composition of material studied (wt. %) 


Material Cr W V Ta C Mn Fe 


CLAM 9.08 1.48 0.18 0.097 0.098 0.46 Bal 


Co-implantation was carried out at room temperature with 200keV ion accelerator 
located in the Accelerator Lab of Wuhan University. The dimensions of beam is 20 X 
20mm? and beam current density is 0.754A/cm*. Thermocouples are mounted at the 
surface of the specimen to measure the specimen surface temperature. The increment 
of temperature during implantation is less than 5°C according to the measurement. 
The energy of He and H ions were 140keV and 80keV, respectively. The 
co-implantation contains two parts: the first part is that He ions were implanted firstly, 
and then followed by H-ion implantation; the second one is opposite to the first, 


which means that H ions were implanted first of all, followed by He-ions implantation. 


The fluence at the sample is measured by a current intergrator and detailed fluences of 
implantation are shown in Table.2. All of them are accumulative fluences. 
Table.2 


The fluences of implantation at room temperature 


Sample number Ton Fluence(ions/cm?) 

1 He 1e+15 
H 5e+15 
2 H 5e+15 
He 1e+15 
3 He 5e+15 

H 2.5e+16 

4 H 2.5e+16 
He 5e+15 
5 He le+16 
H 5e+16 
6 H 5e+16 
He le+16 


Positron beam measurements were performed at room temperature with a variable 
energy slow positron beam at the Key Laboratory of Nuclear Analysis Techniques, 
Institute of High Energy Physics, Chinese Academy of Sciences[ 24, 25]. 
Monoenergetic positrons in the energy range 0.1keV-20keV were implanted into the 
sample. The implanted positrons rapidly thermalize and then diffuse until they 
annihilate with electrons, producing pairs of gamma ray (511keV) photons. The 
Doppler broadening spectra, recorded using a high-purity Ge detector (1.2keV energy 


resolution at the 514keV). Doppler broadening of the 511keV annihilation line was 
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analyzed using the S and W parameter. In brief, the value of S parameter is defined by 
the ratio of counts in the central energy region (5110.8keV in this paper) of the 
annihilation gamma peak and the total number of counts in the peak. The value of W 
parameter is defined as the ratio of the wing area (504.2-508.4keV and 
513.6-517.8keV in this paper) to the total number of counts in the peak. Vacancy-type 
defects induced by ion implantation act as trapping sites for positrons, which results in 
a greater contribution to the central region corresponding to an increase in the 
S-parameter. 
3. Results 

The optical micrograph of CLAM steel is shown in Fig.1, which indicates the 


microstructure is lath-type martensite. 


Fig.1 Optical micrograph of CLAM steel 


Fig.2 shows the dependence of the S parameter on implanted positron energy (S-E 
curve) for co-implantation at different fluences. The top x-axis of Fig.2 is the mean 
depth of the annihilating positrons. The detailed fluences are marked in figure. For 
un-implanted sample, the S parameter decreases rapidly from 0.4613 at positron 
energy is OkeV to 0.4440 at 2.5keV, and then decreases slowly with increasing 
positron energy and approaches 0.4268 at 20keV for bulk annihilation. All the 
samples were polished by sandpaper and diamond paste before implantation. The 


polishing procedure generates plastic region which contains high density of 
6 


dislocation [26]. Positron can be trapped by dislocation, but it is a shallow trap for 
positron. When the density of dislocation reaches 10°cm~”, the S parameter will be 
constant if the density increased sequentially [27]. The density of dislocation of 
RAFM steel is on 10cm” [28], so the influence of dislocation on S parameter in our 
experiment is limited. The vacancy-type defects induced by following implantation 
will be detected by positron and induce the increase of S parameter. Therefore, the 
defects induced by polishing can be neglected. The S parameter of implanted sample 
became larger than that for un-implanted one, which indicates that positrons detect the 
presence of vacancy-type defects generated during implantation, regardless of the 
fluence. The S parameter curves exhibit a broad maximum around positron beam 
energy of 9keV (170nm) for all the implanted samples, and then gradually decreases 
with increasing positron energy. For the two implanted patterns, the fluences of He 
and H were the same, but the implanted sequence is different. Fig.2 indicates that the 
S parameters of pre-implanted H are larger than pre-implanted He for all the fluences, 
but the difference of S parameters between the two implanted patterns decreases with 


increasing fluence. 
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Fig.2 S-E curves of implanted samples 

The S parameter data as a function of the mean depth were fitted in a multi-layer 
model using a computer program VEPFIT [29].The fitted S parameter of bulk value is 
0.4269+0.0002 and the effective positron diffusion length in bulk is 120+8nm. In our 
work, four-layer models obtained agreement between experiment and model for 
post-implanted samples. The thickness of each layer, normalized S parameter 
(normalized to bulk S parameter) and diffusion length of positron in each layer are 
plotted as function of depth, shown in Fig.3. In this figure, the first and fourth layers 
are surface and bulk layers, respectively, and the rest two are implanted layers. The 


defects are located mainly in the two implanted layers, so the S parameters of the two 
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layers are discussed in this work. In the following discussion, the two implanted 


layers are marked as Stir and S7ir layers in order to discuss conveniently. The fitted 


results show that the value of Stir is larger than S*i for all the samples, which is in 


accordance with the maximum value of S parameter at 170nm as the boundary of Stir 


is about 300nm. 
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Fig.3 Fitted result of implanted samples 


4.1 Calculated results of SRIM 


The dependence of the S parameter on depth is relative with the distribution of 


vacancy-type defects in sample, so the distribution of defects is discussed firstly. 
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SRIM [30] calculation gives the distribution of implanted ions and defects, shown in 
Fig.4. In our calculation, the Fe, Cr, W, V, Mn and Ta were added to target according 
to their real content shown in Table.2 and the density is 7.848g/cm?. The displacement 
energy is 40eV and the lattice binding energy is 2eV [31, 32, 33]. The surface binding 
energy is defaulted value for each element in SRIM calculation. The distribution of 


vacancies induced by 140keV He and 80keV H are shown in Fig.4, and the 


distribution of implanted ions are shown, too. 
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Fig.4 Distribution of ions and vacancies 

Fig.4 indicates that the peak value of the two implanted ions and generated 
vacancies are the same. SRIM could give the final distribution of ions projected on 
XY, XZ and YZ planes, which are shown in Fig.5. The X is the depth axis; Y and Z 
axis are orthogonal with X axis. In this figure, a, b and c are the XY longitudinal, XZ 
longitudinal and YZ lateral distribution of He ions, respectively; d, e and f are the 
corresponding results of H ions. The projected range, lateral range and radial range of 
the two ions are shown in Table.3. The straggle of every parameter is shown in this 
table too. 

Table.3 The projected range, lateral range and radial range of 140keV-He and 


80keV-H 
10 
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Range (nm) Straggle (nm) 
Projected 386.3 88.4 
140-keV He Lateral 92.5 115.2 
Radial 146.4 72.9 
Projected 381.5 72.4 
80-keV H Lateral 77.2 96.3 
Radial 120.7 62.3 


Here, projected range is the mean projected range of all ions on the K-azis, which 


means that most of ions located at this depth; the lateral range and radial range reflect 


the distribution of ions on Y and Z-axis, the straggle is the square root of the variance. 


The data in Table.3 indicated that most of He and H ions are located at same depth, 


but the spatial distribution of He ions is wider than H ions, which can be shown in 


Fig.5, too. For co-implantation, the post-implanted ions and generated vacancies are 


overlapping with pre-implanted ones. Therefore, all the implanted ions and generated 


vacancies would interact with each other. The defects induced by co-implantation will 


be discussed in the following part. 
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Fig.5 Distribution of ions projected at different planes 


4.2 The kinds of vacancy-type defect and their effect for S parameter 


Irradiation-induced mono-vacancies can ba migrate in the 260-460K range in steel 


[34], so they can aggregate to form vacancy-clusters at room temperature. He atoms 
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have strong binding energy with vacancy and vacancy-cluster [35,36]. Therefore, 
He-vacancy complex are formed after He implantation. The de-trapping energy of He 
atom form He-vacancy complex changes from 2.7 to 3.5eV according to the number 
of He atom and vacancy in complex[37]. Therefore, the He-vacancy complex is stable 
at room temperature. Thermal helium desorption behavior could certify this 
conclusion, too [38]. First principle calculation showed that vacancy is strong sink to 
trap hydrogen [39], so H-vacancy complex is existed after hydrogen implantation. 
However, the binding energy between H and vacancy is weak and H-vacancy 
complex decomposes at room temperature [40]. Positron annihilation lifetime spectra 
showed that hydrogen induced defect is vacancy cluster of 5-7 vacancies at room 
temperature [41]. For mixed-beam implantation, vacancy cluster, He-vacancy and 
H-vacancy complexes are existed vacancy-type defects regardless of implanted 
sequence. 

Firstly, the S parameters of Stir and S*i:r for every implanted sample are discussed. 
Fig.4 indicates that both the implanted atoms and vacancies locate at 300-500nm 
mainly, which is corresponding to the S7inr region. Because the binding energy 
between He atom and vacancy is strong, He-vacancy complex are located in S?in 
region mainly. Compared with S*i, region, the amount and distribution of He atom in 
Stir region are smaller and wider, respectively, which are shown in Fig.4 and Fig.5. 
Therefore, vacancy-clusters can be formed in this region. When positrons are trapped 
at vacancy-type defects coupled with He, the value of S parameter is lower than that 
of vacancy-type defects [42]. For this reason, the S parameters of Sir region are 
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smaller than S'irr for all the samples. 

Secondly, the difference of S parameters between pre-implanted He and H are 
discussed. Both the S parameters of S'ir and Sir for pre-implanted H are larger than 
pre-implanted He for all samples. For pre-implanted H, the quick diffusion of H 
atoms and weak binding energy between H atom and defect make the depth profile of 
defects and H atoms broaden from the calculated initial profile [11]. Therefore, the 
vacancies generated by H diffused into deeper depth and located closer to 
post-implanted He atoms. The post-implanted He could trap the vacancies induced by 
themselves and H ions to form more He-vacancy complexes, and the complex is main 
defect for pre-implanted H. For pre-implanted He samples, He-vacancy clusters are 
formed in advance, and then vacancies brought by post-implanted H were trapped by 
residual He atoms which did not combine with vacancies during He implantation. 
Although the binding energy between H and defects is weak, H is trapped more stably 
in the He-associated trapped sites [43], so the post-implanted H were trapped by 
He-vacancy complex to form He-H-vacancy cluster. Compared with the defects of 
pre-implanted H, H in He-H-vacancy clusters could degrade the trap capacity of 
positron more severely [44]. Therefore, the S parameter of pre-implanted He is 
smaller than pre-implanted H. 

The difference between the S parameters decreases with increasing fluence. With 
the increase of fluence, the amount of implanted ions increased, too. TEM results 
indicated that He bubble did not form when the influence of He reaches 5 X 10cm? 
at room temperature [45]. Annealing experiment of irradiated steel showed that He 


13 


bubble formed when temperature was higher than 723K [46]. Compared with our 
experiment, both the influence and temperature are smaller. So He bubble did not 
form at high fluence and the defects are still vacancy-type defects at high influence. 
For pre-implanted H, density of defects induced by H-ion irradiation increased with 
increasing fluence, which reflected by diffusion length of positron in Fig.3. These 
defects could be stabilize by post-implanted He atoms to be the cores to absorb 
vacancies introduced by following He irradiation to develop into micro-voids. 
Although micro-voids formed at high fluence will make the S parameter increas, He 
atoms in them will make the S parameter decrease. The two processes made the 
increase of S parameter limited. For pre-implanted He, more vacancies were 
generated by post-implanted H with increasing fluence. So vacancies could aggregate 
to form vacancy-clusters in addition to that trapped by He atoms, and these 
vacancy-clusters made the increment of S parameter. Therefore, the difference of S 
parameter values between pre-implanted He and H becomes smaller with increasing 
fluence. 
5. Conclusion 

The defect profiles in CLAM steel after implantation with 140 keV He ions, 80 
keV H ions at different fluences at room temperature were observed using 
positron-annihilation spectroscopy. The S parameters are larger for pre-implanted H 
than pre-implanted He. The difference of S parameters between pre-implanted H and 
He decreases with increasing fluence. Vacancy-clusters, He-vacancy, H-vacancy and 
He-H-vacancy complex are existed defects after implantation. H in He-H-vacancy 


14 


complex makes the S parameters of pre-implanted He be smaller than pre-implanted 


H. 
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